, an inhibitor of ERK1-and RasGAP-dependent signaling pathways, can maintain the compact colony morphology of ES cells. However, information on the influence of SC1 on cell morphological change remains lacking. Methods: In this study, mouse ES cells J1 and embryonic carcinoma (EC) cells F9 were cultured in SC1-containing medium to determine the effect of SC1 on cell morphology. Results: SC1 promotes a more compact morphology of J1 mouse ES cells and induces colony growth of F9 EC cells. Furthermore, the cell adhesion protein E-cadherin is a downstream target of SC1, and E-cadherin is critical for SC1-mediated colony growth of F9 EC cells. Conclusions: SC1 maintains and induces compact colony morphology of pluripotent cells, and its downstream target, E-cadherin, is involved in the colony phenotype of F9 EC cells. These results explored the potential role of SC1 in morphological change and gene expression in pluripotent cells.
Introduction
Embryonic stem (ES) cells derived from the inner cell mass of the blastocyst can selfrenew indefinitely and differentiate into all three germ layers. These unique properties of ES cells make them potential materials for various diseases treatment [1] [2] [3] . To apply ES cells in disease treatment, stem cell regulatory mechanisms and the methods directing certain cell lineage derivation from the ES cells must be understood. Previous reports indicate that fine-tuning endogenous signaling pathways by recombinant protein or small molecules can maintain the self-renewal and pluripotency of ES cells. Activation of signal transducer and activator of transcription 3 by leukemia inhibitory factor (LIF) mediates the self-renewal of ES cells [4, 5] , whereas BMP4 supports self-renewal of ES cells by inhibiting ERK and p38 mitogen-activated protein kinase [6] . However, the regulating networks involved in ES cell self-renewal and pluripotency maintenance are complex and information on them is lacking. In vitro, ES cells cannot maintain their undifferentiated state, and thus, are usually maintained and expanded on feeder cells supplied with serum and exogenous factors, such as basic fibroblast growth factor for human ES cells [7] , and LIF for mouse ES cells (mESCs) [8] . When ES cells are used for tissue or cell therapies, feeder cells may contaminate the ES cells. Addition of exogenous factors to feeder cells complicates the effects of exogenous factors on ES cells because they may function indirectly by regulating of the feeder cells.
To solve these problems, feeder-free and serum-free ES cell culture conditions have been studied in recent years [9] [10] [11] .
Small molecules that target specific proteins or signaling pathways have been shown useful for revealing the ES cell regulatory mechanisms and cell fate determination [12] . Small molecules can support ES cell self-renewal under serum-free and feeder-free conditions [9] . Chen and colleagues demonstrated that SC1 (also referred to as pluripotin) can maintain selfrenewal and compact colony morphology under feeder-free conditions and in the absence of other exogenous factors conditions [13] . This study showed that SC1 directly binds to and inhibits RasGAP and ERK1/2 activation. RasGAP is a GTPase-activating protein that blocks ES cell self-renewal indirectly by inhibiting RasGTP-activated phosphatidylinositol 3-kinase (PI3K) [14, 15] . Binding of SC1 to RasGAP increases RasGTP levels and further promotes PI3K-initiated ES cell self-renewal. ERK1/2 participates in the development process of ES cells, and phosphorylation of ERK1/2 is indispensable in initiating ES cell differentiation [16, 17] . Binding of SC1 to ERK1/2 directly blocks ERK1/2 phosphorylation and subsequently inhibits ES cell differentiation. Recent studies have shown that SC1 can efficiently promote the derivation of ES cell from a refractory strain when combined with LIF, and an SC1-based mESCs derivation method was generated [18, 19] . Moreover, SC1 can replace LIF to maintain mESCs growth under mouse embryonic fibroblast feeder conditions [20] . As of this writing, although the signaling pathway responses to SC1 have been reported, information on the downstream effectors and target genes regulated by SC1 is lacking.
Transcription factors Nanog, Oct4, Sox2 and Klf4 regulate thousands of ES cell-specific gene expression by binding to their promoter directly; hence, the four factors have been considered the markers of undifferentiated ES cells [21] [22] [23] [24] . Recently, E-cadherin, an important cell-to-cell contact protein, was found to participate in a wide range of mESCs activities, and has been used as a marker to identify and select the induced pluripotent stem cells [25] [26] [27] . In human and mouse ES cells, E-cadherin expression is downregulated when the cells were processed for early differentiation through an Epithelial-mesenchymal transition (EMT) process that is important for embryonic tissue remodeling [28, 29] . Under EMT, ES cells at the periphery of ES colonies gradually lost E-cadherin expression, which is correlated with the morphological change and motility increase in the cells, and the periphery cells of ES colonies acquire a mesenchymal-like phenotype and gradually expand until a confluence is achieved [30] . Unique interaction between E-cadherin and small GTPase Rap1 in human ES cells can enhance human ES cells self-renewal and colony formation, when E-cadherin expression is blocked, degradation of Rap1 is induced and ES clonogenic capacity is downregulated [31] . Furthermore, previous reports suggest that increased E-cadherin expression can enhance the compact colony phenotype and undifferentiated state of mESCs [28, 32] , which occurs even when E-cadherin is overexpressed in feeder cells or is coated with dishes [33, 34] . During the early embryonic development of stem cells, deletion of E-cadherin can induce the embryonic failure to form an compact embryonic blastocyst [35] . The pivotal roles of E-cadherin in stem cell biology have also been demonstrated in the process of induced pluripotent stem (iPS) cell generation, the Yamanaka factors couldn't reprogram E-cadherin deletion mouse fibroblasts to induced pluripotent stem cells [36] , and E-cadherin overexpression significantly enhanced the efficiency of iPS cell generation [37] . Thus, E-cadherin and its tight adhesion function are indispensable for the undifferentiated state of ES cells. The functional role of E-cadherin in ES cells has been explored, but information on the regulatory mechanisms of E-cadherin in stem cells is still lacking.
In this study, we used SC1 to support the undifferentiated state of J1 mESCs and mouse F9 embryonic carcinoma (EC) cells in vitro. We found that SC1 can maintain the compact growth of J1 mESCs and initiate a specific colony formation of F9 EC cells. Our data demonstrated that E-cadherin is a downstream target of SC1, and E-cadherin is involved in colony formation of F9 EC cells. These findings implied that SC1 promotes colony growth in F9 EC cells, at least partly by modulating E-cadherin.
Materials and Methods

Reagents
Unless otherwise indicated, reagents were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Primary antibodies: mouse anti-Oct4, rabbit anti-Nanog, goat anti-E-cadherin and rabbit anti-β-catenin were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). DyLight 549-, 488-and Cy3-labeled secondary antibodies, secondary antibodies for Western blot, DAPI, buffers used for immunofluorescence, BCIP/NBT Alkaline Phosphatase (AP) Color Development Kit, and WST-1 Cell Proliferation and Cytotoxicity Assay Kit were purchased from Beyotime Institute of Biotechnology (Jiangsu, China). SC1 was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).
Cell culture and SC1 treatment J1 ES cells were purchased from ATCC (Manassas, USA), maintained on 0.1% gelatin-coated dishes, and grown in OriCell TM Strain C57BL/6 Mouse ES Cell Growth Medium (Cyagen Biosciences, Guangzhou, China). Mouse F9 EC cells were purchased from the bank of the Chinese Academy of Sciences (Shanghai, China) and maintained as described previously [38] . The F9 EC cells were maintained on 0.1% gelatincoated plates in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Cells were maintained at 37 °C and 5% CO 2 .
SC1 dissolved in dimethyl sulfoxide (DMSO) was stored at -20 °C with a concentration of 10 mM. When treating cells, SC1 was added directly to the pre-warmed cell culture medium.
Cell viability and colony formation assay
Cell viability was evaluated by WST-1 assay according to the manufacturer's instructions (Beyotime Institute of Biotechnology, Jiangsu, China). Replicate wells of 3200 cells in a 100 μl medium in the absence or presence of SC1 were plated into 96-well plates and incubated at 37 °C in 5% CO 2 .
To analyze the effects of SC1 on F9 EC cell colony formation. F9 EC cells were plated into 12-well plates (8,000 cells per well). Cells were cultured for 24 h in the absence or presence of the SC1. After 24 h, cells were stained with AP substrate, and the colonies were counted. DMSO-treated cells were grown in monolayer, and we counted the cells that connected with each other and showed no clear interspaces as one colony.
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DyLight 549, DyLight 488 or Cy3-labeled secondary antibodies for 1 h at 37 °C. Nuclei were stained with DAPI. For AP staining, fixed cells were incubated in a BCIP/NBT working solution for 10 min in the dark, and then washed four times with distilled water.
RT-PCR and quantitative real time PCR (qPCR)
Total RNAs were extracted using TRIzol ® reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. Isolated RNAs were reverse transcribed into cDNA using SYBR PrimeScript TM RT-PCR Kit (Takara, Dalian, China). For qPCR, a reaction mixture was assembled according to the protocol of SYBR ® Premix Ex Taq TM (Takara). The conditions for qPCR were: 30 s at 95 °C, 40 cycles for 5 s at 95 °C and 30 s at 60 °C. The comparative Ct method was used to calculate the relative quantity of the target gene mRNA, which was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and relative to the calibrator. The qPCR primer sequences used for Klf4, Nanog, Oct4, and Sox2 were described previously [39] . The qPCR primer sequences for E-cadherin and β-catenin were as follows: E-cadherin (sense) 5'-CAGGTCTCCTCATGGCTTTGC-3' and (anti-sense) 5'-CTTCCGAAAAGAAGGCTGTCC-3'; β-catenin (sense) 5'-ACCTACTCCCTCCTTTCTACTCC-3' and (anti-sense) 5'-CCGCAGGGCAGGATAAAAAGT-3'.
Knockdown of E-cadherin
Cells were transfected with small interference RNAs (siRNA) target mouse E-cadherin using Lipofectamine™ RNAi MAX (Invitrogen) according to the manufacturer's instructions. The siRNAs were synthesized by GenePharma (Shanghai, China), using the following sequences (5' to 3'): 1634, sense, GGGUCAGGAAAUCACAUCUTT, antisense, AGAUGUGAUUUCCUGACCCTT; 2042, sense, CUGGACCAUUGAGUAUAAUTT, antisense, AUUAUACUCAAUGGUCCAGTT; 2203, sense, CGGUCAACAACUGCAUGAATT, antisense, UUCAUGCAGUUGUUGACCGTT; Negative control (NC) siRNA, which has a non-targeting sequence, was provided by GenePharma (Shanghai, China).
Western blot analysis
For Western blot, 8% and 12% acrylamide gels were used. Separated proteins were transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA) for 3 h at 250 mA. The membranes were then blocked in 10% non-fat milk prepared with tris-buffer saline and Tween 20 (TBST) at pH 7.0 for 2.5 h. Subsequently, the blocked membranes were incubated with primary antibody (dilution 1:1000) at 4 °C overnight. After washing three times with TBST, the membranes were further incubated with secondary antibody (dilution 1:1000) for approximately 2 h at room temperature. After washing three times for 15 min each time, the immunoblots were revealed by autoradiograph using SuperSignal West Pico substrate (Pierce/Thermo Scientific, Rockford, IL, USA).
Plasmid construction
The pCDH-CMV-E-cadherin-EF1-copGFP plasmid was generated by amplifying the fulllength mouse open reading frame E-cadherin sequence from the cDNA of F9 EC cells and subsequently cloned into the pCDH-CMV-MCS-EF1-copGFP vector. Primer sequences for E-cadherin amplification are (sense) 5'-TGTCTAGAGCCACCATGGGAGCCCGGTGCCGCAGCTT-3' and (anti-sense) 5'-AGAGCGGCCGCTTAGTCGTCCTCGCCACCGCCGTACATGTCCGCCA-3' (the underline sequences are restriction sites).
shRNA plasmid target Nanog was constructed by inserting indicated sequence to pSilencer2.1-U6 hygro vector (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. Sequences of the shRNA template for Nanog (sh-Nanog) were: forward:
GATCCGCACCACACCTGGCATATATTTCAAGAGAATATATGCCAGGTGTGGTGTTTTTTGGAAA; reverse:
AGCTTTTCCAAAAAACACCACACCTGGCATATATTCTCTTGAAATATATGCCAGGTGTGGTGCG; Sequences of the negative control shRNA plasmid (sh-scramble) were: forward: GATCCGAAAGTAGAGCGCAGAACTTTCAAGAGAAGTTCTGCGCTCTACTTTCTTTTTTGGAAA; reverse: AGCTTTTCCAAAAAAGAAAGTAGAGCGCAGAACTTCTCTTGAAAGTTCTGCGCTCTACTTTCG.
For E-cadherin overexpression and Nanog knockdown, F9 EC cells were transfected with indicated plasmids using Lipofectamine TM 2000 Transfection Reagent (Invitrogen).
E-cadherin promoter (-548 to +172 relative the TSS) [40] was amplified from the genome DNA of F9 cells. Primer sequences for E-cadherin promoter amplification were (sense)
5'-CTGGGTACCAAAAAGTCACCAAACAAAATAAAACCGTCGGAG-3' and (anti-sense) 5'-ATCCTCGAGCAGCAGGAGCAGGAGCGCGGAAAAGCTG-3'. The E-cadherin promoter was inserted into pGL4.10 reporter vector (Promega, Madison, WI), and designated as pGL4.10-P E-cadherin.
Luciferase reporter assays
Luciferase assays were performed using a Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions. Briefly, cells were co-transfected with luciferase reporter plasmids (experimental reporter pGL4.10-P E-cadherin or control reporter pGL4.10) and the Renilla luciferase plasmid pRL-SV40 (Promega) using Lipofectamine™ 2000 Reagent (Invitrogen). After 12 h, transfected cells were treated with 3 μM SC1 or an equal volume of DMSO for an additional 24 h. Then, the cells were lysed in 1× passive lysis buffer for 15 min with shaking. Luciferase activity in cell lysates was examined on a VICTOR X5 multilabel plate reader (PerkinElmer, Cetus, Norwalk, USA) and normalized to Renilla luciferase.
Statistical Analysis
All experiments described were repeated three times. Data were presented as the mean ± standard deviation. For statistical analysis, Student's t-test was used, and statistical significance was denoted as P < 0.05.
Results
SC1 induces morphological change of F9 EC cells
As shown in Fig. 1A , J1 mESCs cultured in SC1-containing medium acquired a smoother boundary and a more compact morphology compared with the control cells which were treated with the solvent DMSO. Based on the above observation, we hypothesized that SC1 can promote aggregate growth of cells. F9 mouse EC cells and NIH3T3 mouse embryo fibroblasts, which are mouse cell lines that have different origins but both grow in monolayer, were treated (Fig. 1B) . This result demonstrates that SC1 other than LIF causes F9 cell aggregation. Considering that the morphology similarity of the F9 EC cell clusters with mESCs, we designated the SC1-induced F9 clusters as colonies thereafter. At 3 h after treatment, the accumulation of F9 EC cells in 3 μΜ SC1-containing medium was higher than that in 1 μΜ SC1-containing medium (Fig.  1C) . Twenty-four hours after treatment, 1 μΜ and 3 μΜ SC1 both induced clearly colonies of F9 EC cells, but the colony number in 3 μΜ SC1-treated cells was higher than that of 1 μΜ SC1-treated cells (Fig. 1D) . Notably, F9 EC cell morphological change caused by SC1 did not alter its proliferation or cell viability (Fig. 1E) . For NIH3T3 cells, no obvious morphological changes were observed after SC1 treatment (0.1 μΜ to 1 μΜ), and higher concentration of SC1 (2 μΜ to 5 μΜ) was toxic to NIH3T3 cells, as cell mortality was observed during 24 h treatment (data not shown).
The above results indicated that SC1 can promote aggregation and colony formation of cells, but this capability of SC1 is cell type-dependent and not applicable to NIH3T3 cells.
SC1-induced morphological change of F9 EC cells did not downregulate the expression of pluripotency factors
SC1 was used for pluripotency maintenance. Therefore, whether or not F9 colonies caused by SC1 addition still maintained pluripotency was determined. Undifferentiated pluripotent cells showed elevated levels of AP activity, and therefore AP staining was used to test pluripotency. The results showed that AP activity of SC1-treated F9 EC cells was higher than that of DMSO-treated cells (Fig. 2A) . SC1 did not affect the proliferation of F9 EC cells, and thus, SC1-induced increase in AP staining in F9 EC cells was not caused by cell number increase but by the colony formation of the cells. Quantitative real-time PCR (qPCR) examination of three key pluripotency markers showed that Klf4, Oct4 and Sox2 expression did not changed significantly after 24 h SC1 treatment, but a slight up-regulation after 6 h 
To further confirm that SC1 promotes E-cadherin expression, a dual-luciferase reporter assay was introduced to study the effect of SC1 on transcriptional activity of E-cadherin promoter. The proximal sequence of mouse E-cadherin promoter (-548 to +172 relative to the transcription start site) was amplified and cloned into pGL4.10 vector (Fig. 3G, upper  panel) , and subsequently, the luciferase reporter experiment was performed under the condition with or without SC1. The result showed that SC1 enhanced the transcriptional activity of the E-cadherin promoter, and the relative luciferase activity in SC1-treated cells was significantly higher than in control cells (Fig. 3G, bottom panel) . These results suggest that the cell adhesion protein, E-cadherin, is a direct downstream target of SC1.
E-cadherin is critical but insufficient to initiate F9 EC cell colony formation
Based on the above results, testing the role of E-cadherin and β-catenin in SC1-induced F9 EC cell colony formation is required. β-catenin knockdown and overexpression showed no significant effect on SC1-induced F9 EC colonies (data not shown). Thus, we focused on E-cadherin. Transfection of F9 EC cells with siRNA target mouse E-cadherin gene or negative control siRNA was performed, and subsequently, the knockdown efficiency was determined by qPCR and Western blot analysis. The results demonstrate that the siRNA 1634 is most efficient at reducing E-cadherin expression (Fig. 4A) . We found that the knockdown of E-cadherin compromised SC1-mediated colony formation, and knockdown of E-cadherin before SC1 treatment resulted in the development of the F9 cells in a monolayer and no obvious colonies were formed (Fig. 4B) . We examined the expression of pluripotency factors in E-cadherin knockdown cells compared with negative control siRNA transfected cells. E-cadherin knockdown did not significantly change the expression of pluripotency factors Sox2, Oct4, Nanog, and Klf4 (Fig. 4B) . To further assess the role of E-cadherin in SC1-induced colony growth of F9 EC cells, an E-cadherin expression vector, pCDH-CMV-E-cadherin-EF1-copGFP, which expresses GFP independently using the EF1 promoter, was constructed.
Overexpression of E-cadherin (Fig. 4C) increased the cell-to-cell contact of F9 EC cells (Fig.  4D) , however, there was no obvious colony formation in E-cadherin transfected F9 EC cells (Fig. 4D) . Notably, compared to the control vector pCDH-CMV-MCS-EF1-copGFP transfected cells, E-cadherin overexpressed cells showed no significant morphological change after SC1 treatment (Fig. 4D ). qPCR examination of pluripotency genes Sox2, Oct4 and Nanog showed that overexpression of E-cadherin have no influence on pluripotency genes expression (Fig.  4E) .
Taken together, these results indicated that E-cadherin is involved in SC1-induced cell morphological change, but overexpression of E-cadherin alone is insufficient to initiate the colony formation of F9 EC cells. Other SC1-regulated genes or signalling is required for the colony formation of F9 EC cells.
Discussion
ES cells differentiate spontaneously when cultured in vitro.
The small molecule SC1 maintains the pluripotency and colony phenotype of mESCs. Under feeder-free conditions, OG2-mES cells maintained in SC1-containing medium showed more compact colonies than cells cultured in LIF+BMP4-containing medium [13] . In this study, we found that SC1, but not LIF, promotes colony morphology in F9 EC cells (Fig. 1B) . These results indicated that in addition to maintaining the undifferentiated state and compact colony morphology of mESCs, SC1 may also initiate colony growth of F9 EC cells, and this capability of SC1 is independent of LIF.
J1 mESCs were derived from the 129S4/SvJae embryos [43] , F9 EC cells were isolated from testicular teratoma of 129/Sv mice [44] . NIH3T3 cells were derived from mouse embryonic fibroblasts [45] . The previous two cell lines are pluripotent cells. NIH3T3 cells, however, are highly differentiated cells. Our data showed that SC1 is able to maintain the compact colony phenotype of J1 mESCs and can induce the colony formation of F9 EC cells, whereas no similar effects were observed in NIH3T3 cells. The adhesion enhancement and colony promoting properties of SC1 are not applicable to all mouse cell types. Pre-activated pluripotent network or some genes specifically expressed in F9 and J1 mESCs are needed for the SC1-mediated colony phenotype.
Nanog is a pluripotency marker that is highly expressed in ES cells, EC cells, and embryonic germ (EG) cells, but decreased rapidly during the cell differentiation process [46, 47] . Nanog overexpression caused F9 EC cells to adopt a compact colony shape that resembles ES cells cultured on feeder layers [48] . Thus, SC1-mediated colony formation of F9 EC cells may have been through the upregulating of Nanog expression. However, our results showed that SC1 triggered transient transcripts upregulation and protein increase of Nanog, but the Nanog amount did not affect SC1-initiated colony formation of F9 EC cells, and knockdown of Nanog did not block SC1-induced F9 EC cell colony formation (Fig. 3A and  Fig. 3B ). Thus, Nanog is likely a downstream gene of SC1 that contributes little to F9 EC cell morphological change.
Previous reports have shown that neutralization of E-cadherin inhibited colony formation of mouse (EG) cells [49] , and that the rescue of E-cadherin in E-cadherin-/-mESCs restored cell-to-cell contacts [26] . In this study, SC1 is found to promote E-cadherin expression by enhancing its transcriptional activity. Furthermore, knockdown of E-cadherin impaired SC1-induced colony formation of F9 EC cells. However, overexpression of E-cadherin alone cannot initiate the aggregate of F9 EC cells. Hence, we speculated that upregulation of E-cadherin may be a possible mechanism of SC1-induced colony formation of F9 EC cells. However, E-cadherin alone is insufficient to initiate the colony formation of the cells, and other collaborators of E-cadherin that respond to SC1 are needed to initiate and maintain the colony phenotype of F9 EC cells.
In conclusion, we explored the capability and mechanisms of SC1 to initiate the aggregate and colony formation of pluripotent F9 EC cells. The results suggested SC1-induced E-cadherin is involved in SC1-induced morphological change in F9 EC cells, and other SC1-regulated genes or signalling pathways are needed to initiate the colony formation. In the future, genome-wide profiling of SC1-treated pluripotent cells is needed to identify other pivotal factors that participate in SC1-mediated colony and pluripotency maintenance.
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